Protein-tyrosine phosphatase 1B (PTP-1B) is a major protein-tyrosine phosphatase that has been implicated in the regulation of insulin action, as well as in other signal transduction pathways. To investigate the role of PTP-1B in vivo, we generated homozygotic PTP-1B-null mice by targeted gene disruption. PTP-1B-deficient mice have remarkably low adiposity and are protected from diet-induced obesity. Decreased adiposity is due to a marked reduction in fat cell mass without a decrease in adipocyte number. Leanness in PTP-1B-deficient mice is accompanied by increased basal metabolic rate and total energy expenditure, without marked alteration of uncoupling protein mRNA expression. In addition, insulin-stimulated whole-body glucose disposal is enhanced significantly in PTP-1B-deficient animals, as shown by hyperinsulinemic-euglycemic clamp studies. Remarkably, increased insulin sensitivity in PTP-1B-deficient mice is tissue specific, as insulin-stimulated glucose uptake is elevated in skeletal muscle, whereas adipose tissue is unaffected. Our results identify PTP-1B as a major regulator of energy balance, insulin sensitivity, and body fat stores in vivo.
Obesity and diabetes mellitus represent major public health problems. Type 2 diabetes is a polygenic disease affecting over 100 million people worldwide. The risk of developing type 2 diabetes is increased in populations that lead a sedentary lifestyle and consume a typical western diet, in which more than 50% of the calories are derived from fat (34, 37) . A high-fat diet and low energy expenditure predispose to obesity, a condition characterized by increased insulin resistance in insulinresponsive tissues, such as skeletal muscle, liver, and white adipose tissue (9, 42) . Body weight also is subject to polygenic regulation (18) . Many of the key genes that regulate body mass and glucose homeostasis remain to be identified (27) .
Insulin plays a critical role in regulating glucose homeostasis, lipid metabolism, and energy balance. Insulin signaling is initiated by binding of insulin to the insulin receptor (IR), a receptor tyrosine kinase. Insulin binding evokes a cascade of phosphorylation events, beginning with the autophosphorylation of the IR on multiple tyrosyl residues. Autophosphorylation enhances IR kinase activity and triggers downstream signaling events. These include tyrosyl phosphorylation of IR substrate (IRS) proteins (IRS-1 to -4) and other adapter molecules (e.g., Grb2 and Shc), whose combined actions mediate the biological effects of insulin (reviewed in references 24, 43, 54, and 69).
The extent of tyrosyl phosphorylation on a given protein is controlled by the reciprocal actions of protein-tyrosine kinase and protein-tyrosine phosphatase (PTP) activities. Since insulin stimulation leads to multiple tyrosyl phosphorylation events, enhanced activity of one or more PTPs could lead to insulin resistance. Indeed, increased PTP activity has been reported in several insulin-resistant states, including obesity, and in some models of diabetes (2, 4, 6, 12, 17, 40, 52) .
Specific PTPs, including LAR, SHP-2, and PTP-1B, have been implicated in the regulation of normal IR signaling and/ or in insulin resistance (1, 2, 3, 6, 13, 39, 44, 45, 46, 51, 53, 62, 68 ; reviewed in references 19 and 36) . Of these, PTP-1B has received significant attention for several reasons. PTP-1B is an abundant enzyme that is expressed in all insulin-responsive tissues, where it is localized predominantly on intracellular membranes by means of a hydrophobic C-terminal targeting sequence (35, 71) . Importantly, IR dephosphorylation occurs following receptor endocytosis (26, 30) , which could allow the IR to access PTP-1B. In cultured cells, overexpression of PTP-1B inhibits insulin-stimulated phosphorylation of the IR and possibly IRS-1 (45) , whereas osmotic loading of anti-PTP-1B antibodies into cells enhances insulin signaling (7) . Several studies have examined PTP-1B expression in rodents and humans with insulin resistance and/or diabetes. Many of these show increased expression of PTP-1B in insulin-resistant states, most notably obesity (1, 2, 5, 6) , although other work contradicts these conclusions (20, 47, 72) . PTP-1B also is implicated in the regulation of other pathways, including the epidermal growth factor receptor (33) , cadherin (10) , and integrin signaling pathways (8, 48, 49) , cell cycle regulation (32, 61) , and the response to various cellular stresses (63) . Thus, the role of PTP-1B in normal physiology and pathologic conditions has remained unclear.
To determine the function of PTP-1B in the whole organism, we generated PTP-1B-null (PTP-1B Ϫ/Ϫ ) mice by targeted disruption of the ATG-coding exon (Ex1 Ϫ/Ϫ mutation). While our work was in progress, Elchebly et al. (28) targeted exons 5 and 6 (Ex5/6 Ϫ/Ϫ mutation) and also obtained PTP-1B Ϫ/Ϫ mice. Their mice exhibited increased insulin sensitivity, as manifested by enhanced phosphorylation of IR and IRS-1 in muscle and liver in response to insulin stimulation. These results are consistent with PTP-1B playing a major role in regulating IR and perhaps IRS-1 tyrosyl phosphorylation. Unexpectedly, they also found that PTP-1B Ex5/6 Ϫ/Ϫ mice failed to gain weight when maintained on a high-fat diet. However, the physiological basis for this finding was unclear. Here, by analyzing body composition in PTP-1B Ex1
Ϫ/Ϫ mice, we find that their low body weight is due largely to a dramatic reduction in body fat content, despite a slightly increased food intake. This resistance to diet-induced obesity is characterized by a marked decrease in adipocyte volume (mass) without alteration in adipocyte number. Furthermore, we show that PTP-1B-deficient mice are hypermetabolic, with increases in both basal metabolic rate and total energy expenditure. Our PTP-1B Ex1 Ϫ/Ϫ mice also exhibit increased insulin sensitivity and enhanced glucose tolerance. In hyperinsulinemic-euglycemic clamp analyses, we find that the elevated whole-body insulin sensitivity in PTP-1B-deficient mice results mainly from increased glucose utilization in skeletal muscle, whereas that in adipose tissue is unchanged. Our results indicate that PTP-1B is a critical regulator of energy expenditure and body fat stores, as well as a tissue-specific regulator of insulin sensitivity.
MATERIALS AND METHODS
Generation of PTP-1B-deficient mice. P1 clones were obtained from a mouse ES-129/SvJ genomic library (Genome Systems, St. Louis, Mo.) using PTP-1B primers (5Ј-CAT CCA GAA CAT GCA GAA GCC GCT-3Ј and 5Ј-TTC CCA  GCC TTG TCG ATC TC-3Ј ). An 11-kb HindIII fragment containing the ATGcoding exon was subcloned into pBlueScript (Stratagene, La Jolla, Calif.). A targeting construct, designed to replace the ATG-coding region (located within exon 1) and 2.3 kb of flanking sequence, was generated by ligating a 1.2-kb SacII(R1)-XhoI fragment (left arm) and a 4.8-kb BamHI-(R1)SalI fragment (right arm) of the PTP-1B gene into the SacII and NheI/SalI sites of the vector pSABGal-pgkneolox2PGKDTA (obtained from A. Immamoto, University of Chicago, Chicago, Ill.), respectively. The targeting vector (25 g ) was linearized at the unique NotI site and electroporated (25 F and 400 V) into 10 7 J1 embryonal stem (ES) cells (obtained from R. Jaenisch, Massachusetts Institute of Technology, Cambridge). G418 (400 g/ml)-resistant colonies were screened for homologous recombination events using PCR. The forward and reverse primers were 5Ј-GTG CTC TTA ACT GCT GAG CC-3Ј and 5Ј-GCG AGC TGT GGA AAA AAA AG-3Ј, respectively. PCR-positive heterozygotic ES clones were verified by Southern blot analysis. Briefly, HindIII-digested DNA was hybridized to probe A, corresponding to a 400-bp region upstream of the area of homologous recombination, and subsequently to probe B (carrying a neomycin resistance cassette) neo to ensure that only a single integration event occurred. Chimeric mice were generated by injection of three independent PTP-1B ϩ/Ϫ ES clones into C57BL6/J blastocysts. Male chimeras were mated with C57BL6/J or 129/SvJ females to produce PTP-1B ϩ/Ϫ offspring, which were interbred to produce PTP-1B Ϫ/Ϫ mice. Offspring were genotyped by PCR and Southern blot analysis. All experiments herein were performed using mice on the hybrid 129/SvJ ϫ C57BL6/J background. Similar results were obtained with all three clones.
Antibody production. To produce antibodies reactive against murine PTP-1B, full-length murine PTP-1B cDNA was subcloned in frame into the bacterial expression vector pGEX 3X (Pharmacia). Glutathione S-transferase (GST) fusion protein was produced and used to immunize New Zealand White rabbits, and affinity-purified antibodies were prepared by passing antisera sequentially over GST and GST-PTP-1B bound to Affi-Gel 15 (Bio-Rad) as described previously (35) .
Northern and immunoblotting. RNA isolation and Northern blotting were performed as described elsewhere (15) . Blots were hybridized to 32 P-labeled PTP-1B (full length), UCP (uncoupling protein [14] ), ␤-actin (Clontech, Palo Alto, Calif.), or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA. Tissue homogenates were prepared using Nonidet P-40 buffer, analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to Immobilon-P membrane (Millipore, Bedford, Mass.). Immunoblots were probed with affinity-purified mouse PTP-1B rabbit polyclonal and detected by enhanced chemiluminescence.
Animal care and diet treatment. Animal studies were conducted according to federal guidelines (53a). Mice were housed at 24°C on a fixed 12- Hyperinsulinemic-euglycemic clamp study. A 120-min hyperinsulinemic-euglycemic clamp was performed in conscious, fasted (16 h) mice as described elsewhere (56) . Human insulin was infused at a constant rate of 2.5 mU Ϫ1 kg min
Ϫ1
, and blood samples (20 l) were collected at 20-min intervals to analyze plasma glucose (Glucose Analyzer II; Beckman Instruments, Inc.). Twenty percent glucose was infused to maintain plasma glucose at basal concentrations during insulin infusion. A [3- 3 H]glucose tracer (10-Ci bolus, followed by 0.1 Ci min
; New England Nuclear, Boston, Mass.) was infused throughout the clamp to estimate insulin-stimulated whole-body glucose flux. Insulin-stimulated glucose transport in individual tissues was estimated by administration of a bolus (10 Ci) of 2-deoxy-D- [1- 14 C]glucose (2-[ 14 C]DG; New England Nuclear) 45 min before the end of the clamp. Blood samples (20 l) also were obtained during the last 40 min of the clamp to measure plasma glucose specific activity. At 120 min, animals were sacrificed and gastrocnemius, epididymal adipose tissue, and liver were immediately frozen in liquid nitrogen. Rates of whole-body glucose uptake and hepatic glucose production were calculated as described elsewhere (56) . Plasma samples were treated as previously (56) and counted to determine [3- 3 H]glucose and 2-[ 14 C]DG specific activity. Glucose transport activity in individual tissues was calculated from plasma 2-[ 14 C]DG using a double exponential curve and tissue 2-DG-6-P content as previously described (73) . Fat pad mass, which was consistently threefold lower for PTP-1B Ϫ/Ϫ mice (0.274 Ϯ 0.030 g for PTP-1B Ϫ/Ϫ versus 0.954 Ϯ 0.160 for PTP-1B ϩ/ϩ [wild type {WT}], P ϭ 0.002), was divided by the number of adipocytes recovered per depot (ϳ10 6 cells for both genotypes) to determine number of adipocytes per gram of white adipose tissue. This number was multiplied by the glucose disposal rate (nanomoles per minute) per gram of white adipose tissue to calculate glucose disposal rate per adipocyte. Whole-body glycolysis rate was calculated from the linear increase in plasma 3 H 2 O between 80 and 120 min. Rates of whole-body glycogen and lipid synthesis were estimated by subtracting the rate of glycolysis from that of glucose uptake.
Adipose cell glucose uptake. Adipocytes were isolated from epididymal fat pads by collagenase (1 mg ml Ϫ1 ) digestion as described elsewhere (67) . A fraction of isolated adipocytes was removed to determine average cell number and cell volume (micrograms of lipid per cell) (22) . ; Amersham). The reaction was terminated by a 30-s spin over dinonyl phthalate oil, and the upper phase containing the cell layer was counted in a scintillation counter. Under these conditions, glucose uptake directly reflects glucose transport (67) .
Body composition. Carcasses (with the food content of their gastrointestinal tracts removed) were weighed, dried in a 60°C oven, reweighed to determine water content, and hydrolyzed in ethanolic potassium hydroxide (60) . Body lipid (triglyceride) content was determined by enzymatic measurement of glycerol (product no. 337-40A; Sigma).
Energy expenditure.
In vivo indirect open circuit calorimetry was performed in metabolic chambers attached to a feeding monitor system. Constant airflow (0.75 liters/min) was drawn through the chamber and monitored by a mass-sensitive flowmeter. To calculate oxygen consumption (VO 2 ), carbon dioxide production (VCO 2 ), and respiratory quotient (RQ; ratio of VCO 2 to VO 2 ), gas concentrations were monitored at the inlet and outlet of the sealed chambers. Basal (light cycle/fasted animals) and total metabolic rate (continuous-24 h/freely fed animals) were calculated from O 2 consumption and CO 2 production. Feeding episodes were monitored with precision balances, and were continuously recorded to calculate food intake.
Statistical analyses. Data are expressed as means Ϯ standard error of the mean (SEM) and were calculated using InStat (GraphPad Software, San Diego, Calif.). The significance of the differences in mean values between groups was evaluated by Student's two-tailed unpaired t test. GTTs, ITTs, and body weight curves were analyzed by one-way analysis of variance with a Bonferroni multiple comparison posttest. Curve fitting was performed with the sigmoid model using Origin 3.5 (Microcal Software, Inc.). Differences were considered significant at P Ͻ 0.05.
RESULTS
Generation of PTP-1B-deficient mice. We constructed a targeting vector that replaces 2.3 kb of PTP-1B genomic sequence, including the ATG-coding exon, with a neo cassette (Fig. 1A) . The targeting vector was electroporated into J1 ES cells, and G418-resistant clones were screened by PCR to detect homologous recombinants. Of 197 clones analyzed, 12 exhibited the desired mutation and a single vector integration site, as confirmed by Southern blotting with PTP-1B-and neo- VOL. 20, 2000 INCREASED ENERGY EXPENDITURE IN PTP-1B Ϫ/Ϫ MICE 5481 specific probes, respectively (Fig. 1B) . Three independent clones were injected into C57BL6/J blastocysts to generate chimeric mice; all three clones contributed to the germ line of the chimeras. These chimeras were used to establish three independent lines of PTP-1B-deficient mice. Mice from all three lines displayed the same phenotype, which is described in detail below. Heterozygotic mice from each of these lines were intercrossed, and their offspring were genotyped by PCR and Southern blotting (Fig. 1C and data not shown). All three genotypes (PTP-1B ϩ/ϩ , PTP-1B ϩ/Ϫ , and PTP-1B Ϫ/Ϫ ) were obtained at the expected 1:2:1 Mendelian frequency (106:215:95, P Ͼ 0.5). Absence of PTP-1B expression was verified by Northern analysis (Fig. 1D ) and by immunoblotting of tissue extracts (Fig. 1E) . Heterozygotic (PTP-1B ϩ/Ϫ ) and homozygotic (PTP-1B Ϫ/Ϫ ) mice were viable and fertile in the C57BL6/J ϫ 129/SvJ hybrid background, as well as when the mutation was transferred onto pure 129/SvJ and C57BL6/J backgrounds (see Materials and Methods). Such mice could be maintained for at least 14 months without apparent gross or histopathological abnormalities.
PTP-1B-deficient mice are lean and protected from dietinduced obesity. When PTP-1B Ϫ/Ϫ males were weaned onto a chow diet, they gained less weight than WT littermates over a 15-week period ( Fig. 2A) . This difference first became significant 9 weeks postweaning. By 15 weeks, male PTP-1B Ϫ/Ϫ mice weighed 16% less than controls (P ϭ 0.001). Heterozygotic PTP-1B ϩ/Ϫ males, whose expression of PTP-1B protein was 50% that of WT mice (data not shown), also gained significantly less weight than WT male mice on this diet ( Fig. 2A) . Interestingly, no weight differences were observed in females on the chow diet, suggesting that the effect of PTP-1B deficiency may be gender specific (Fig. 2B) .
Since PTP-1B-deficient males gained less weight on a chow diet than WT controls, we asked whether these mice also were protected from the increased adiposity normally induced by high-fat feeding. Remarkably, when fed a 55% fat (caloric content) diet for 4 months, male PTP-1B Ϫ/Ϫ mice remained lean (Fig. 2C) , with peak weights comparable to those of PTP-1B Ϫ/Ϫ males on a chow diet. Unlike mice maintained on the chow diet, however, heterozygotic PTP-1B ϩ/Ϫ males fed the high-fat diet gained similar amounts of weight as WT male littermates. These data raise the possibility that dietary fat content may influence the sensitivity of mice to alterations in their PTP-1B levels (see Discussion). Female PTP-1B Ϫ/Ϫ mice fed the high-fat diet also exhibited significantly lower weight gain than WT female controls. These findings indicate that PTP-1B contributes to body weight regulation in mice (Fig.  2D) .
PTP-1B ؊/؊ mice have low body fat stores. We analyzed the cause of the decreased body mass in PTP-1B Ϫ/Ϫ males in detail. Epididymal, inguinal, subcutaneous, and interscapular fat pad weights were reduced threefold (P Ͻ 0.03) in high-fatfed PTP-1B Ϫ/Ϫ mice ( Fig. 3 and Table 1 ). White fat pad mass was reduced similarly in male PTP-1B Ϫ/Ϫ mice on the chow diet (data not shown; P Ͻ 0.03). This difference was marked by a 2.6-fold decrease in average cell volume (0.203 Ϯ 0.024 g of lipid cell
Ϫ1 for PTP-1B Ϫ/Ϫ versus 0.525 Ϯ 0.076 for PTP-1B ϩ/ϩ ; P Ͻ 0.03). Conversely, adipocyte cell number was unaffected by the PTP-1B genotype (ϳ10 6 adipocytes recovered per epididymal fat pad; P ϭ 0.13). Brown adipose tissue (BAT) mass also was unaffected in PTP-1B Ϫ/Ϫ mice (Table 1 ). These data suggest that at least part of the difference in body weight in male PTP-1B Ϫ/Ϫ mice is due to decreased lipid content in their adipocytes.
To address this possibility directly, we carried out body composition analyses on male mice maintained on the high-fat diet (Table 2 ). Compared to WT males, PTP-1B Ϫ/Ϫ and heterozygotic PTP-1B ϩ/Ϫ males weighed on average 38% (P ϭ 0.007) and 10% less (P ϭ 0.4), respectively. Notably, carcass lipid (triglyceride) content and lipid, expressed as percentages of total body weight, were 72 and 55% lower (P Ͻ 0.002), respectively, in PTP-1B Ϫ/Ϫ males compared to WT controls. Differences in fat and, to a lesser extent, water content accounted for most of the decrease in body mass in PTP-1B Ϫ/Ϫ male mice. There was a small (ϳ7%) decrease in fat-free dry mass when expressed as a percentage of total body weight ( Table 2 ) and in crown-rump length in PTP-1B Ϫ/Ϫ mice compared to WT mice. Notably, however, weights of organs (e.g., heart, kidney, and testes) and skeletal muscles (e.g., soleus and tibialis anterior) were similar (data not shown). Our results clearly demonstrate that absence of PTP-1B expression has dramatic effects on body composition in mice.
Lower weight in PTP-1B ؊/؊ mice is due to increased energy expenditure. The decreased adiposity and resistance to dietinduced obesity could result from decreased food intake, fat malabsorption, and/or increased energy expenditure. Food intake (normalized to body mass) tended to be higher in PTP-1B Ϫ/Ϫ mice than in WT mice (P ϭ 0.052). PTP-1B-deficient mice did not have detectable lipid in their stools, nor was their stool mass different from that for WT mice (data not shown). These data strongly suggested that energy dissipation was increased as a consequence of PTP-1B deficiency.
We determined the basal metabolic rate (BMR) and total daily energy expenditure (EE) in high-fat-fed male mice by measuring VO 2 and VCO 2 . BMR (standardized for body weight) was increased by 22% in PTP-1B Ϫ/Ϫ mice (P ϭ 0.002), whereas the RQs (RQ ϭ VCO 2 /VO 2 ) of fasted WT and mutant mice were the same (Fig. 4A) . Thus, both genotypes use similar proportions of fat and carbohydrate as fuel substrates under basal conditions, but PTP-1B Ϫ/Ϫ mice dissipate more energy than WT mice. Total daily EE also was increased significantly in PTP-1B Ϫ/Ϫ mice (ϩ24%; P Ͻ 0.0001) and was accompanied by an increase in RQ (P ϭ 0.03) (Fig. 4B) . Thus, under active conditions, PTP-1B Ϫ/Ϫ mice use a higher ratio of carbohydrate to fat than do WT mice. Consistent with their elevated metabolic rates, PTP-1B Ϫ/Ϫ mice displayed a significant increase in core body temperature (38.7 Ϯ 0.13°C for PTP-1B Ϫ/Ϫ versus 38.2 Ϯ 0.10 for PTP-1B ϩ/ϩ ; P ϭ 0.006). Notably, serum T4 levels were normal (not shown). The similar percentage difference in BMR and EE between WT and PTP-1B Ϫ/Ϫ mice suggests that they have similar levels of locomotor activity, although direct measurements of activity were not obtained. Thus, the decreased weight of PTP-1B Ϫ/Ϫ mice apparently results from lowered metabolic efficiency, which causes them to dissipate excess energy as heat, rather than storing it as fat.
Increased EE in PTP-1B-deficient mice is not due to alterations in leptin or UCP mRNA levels. The observation that BMR and total EE were increased to a similar extent in PTP-1B-deficient mice suggests an increase in adaptive thermogenesis, the process by which an organism dissipates excess energy as heat (41, 50) . Although there are many potential mechanisms for increased energy dissipation (see Discussion), in rodents, adaptive thermogenesis is often mediated by enhanced uncoupling of electron transport from oxidative phosphorylation (57, 59, 65) . Uncoupling can be promoted by increased expression of UCPs in brown fat and/or skeletal muscle, the major thermogenic tissues in rodents (14, 16, 31, 58) . However, levels of expression of RNAs of the known UCPs (UCP1, -2, and -3) in BAT and skeletal muscle were similar in high-fat-fed PTP-1B Ϫ/Ϫ and WT mice (Fig. 5 ) (see Discussion). Although UCP1 is found at highest levels in brown fat, some white fat depots also express trace amounts of this protein under normal conditions (21) , and UCP1 mRNA expression in white fat is induced in response to thermogenic stimuli, such as cold and hypercaloric diets (38) . Nevertheless, there was no difference in UCP1 mRNA expression in white fat depots (epididymal and inguinal) between PTP-1B Ϫ/Ϫ and WT mice (data not shown). Thus, increased UCP1 expression Leptin, a cytokine produced by adipocytes (74), typically reflects body fat levels and has major effects on body mass regulation. The main action of leptin is exerted in the hypothalamus, where it causes decreased appetite, but leptin also may increase EE (11, 29) . Consistent with their lower body fat stores, chow-fed PTP-1B Ϫ/Ϫ males had serum leptin levels that were 64% lower (P ϭ 0.02) than those of WT controls. Moreover, high-fat feeding induced a profound increase in circulating leptin concentration in WT mice, whereas serum leptin in PTP-1B Ϫ/Ϫ animals remained low (Table 3) . Likewise, leptin mRNA, measured in white adipose tissue, was reduced by 60% (P ϭ 0.002) in PTP-1B Ϫ/Ϫ mice (data not shown). Thus, rather than contributing causally to their decreased body mass by increasing EE, leptin levels apparently reflect the decreased adiposity of PTP-1B-deficient animals. Finally, we evaluated serum FFA levels in WT and PTP-1B-deficient mice (Table 3) . Despite their marked decrease in fat stores, PTP-1B Ϫ/Ϫ mice had similar levels of serum FFA in both the fed and fasted states compared to WT mice.
Altered glucose homeostasis and enhanced insulin sensitivity in PTP-1B
؊/؊ mice. PTP-1B has been implicated in the regulation of insulin action (see the introduction). We therefore compared glucose homeostasis in WT and PTP-1B-deficient mice. Fasting and fed blood glucose levels of chow-fed PTP-1B Ϫ/Ϫ male mice were significantly lower than those of WT controls (Table 3) . Consistent with these data, male PTP-1B Ϫ/Ϫ mice also had a considerably enhanced ability to clear glucose from the peripheral circulation during intraperitoneal GTTs (Fig. 6A) . In contrast, blood glucose levels (P ϭ 0.21) (data not shown) and GTTs (Fig. 6B) were unaltered in chowfed PTP-1B Ϫ/Ϫ female mice. These gender differences in glucose tolerance correlate with the gender differences in body weight (Fig. 2) on the chow diet.
To determine whether increased insulin sensitivity accounts for the improved glucose tolerance, we measured serum insulin levels and insulin tolerance in vivo. In the chow-fed state, circulating insulin was decreased by 36 and 57%, respectively, in PTP-1B ϩ/Ϫ and PTP-1B Ϫ/Ϫ males (Table 3) . Likewise, PTP-1B Ϫ/Ϫ male mice showed a significantly greater decrease in blood glucose during ITTs (Fig. 6C) . Thus, insulin sensitivity is enhanced in PTP-1B Ϫ/Ϫ male mice. Notably, ITTs of female WT and PTP-1B Ϫ/Ϫ mice on the chow diet were similar (Fig.  6D) .
On the high-fat diet, fed and fasted glucose and insulin levels remained low in male PTP-1B Ϫ/Ϫ mice (P Ͻ 0.03) ( Table 3) . Even on the high-fat diet, PTP-1B Ϫ/Ϫ mice could dispose of a glucose load with similar kinetics to that of chow-fed PTP-1B Ϫ/Ϫ mice (Fig. 6E) . Moreover, insulin sensitivity, measured more directly with ITTs, remained elevated in male PTP-1B Ϫ/Ϫ mice on the high-fat diet (Fig. 6F ).
To gain detailed insight into glucose utilization in PTP-1B Ϫ/Ϫ males, we performed hyperinsulinemic-euglycemic clamp studies. The glucose infusion rate necessary to maintain euglycemia (110 mg dl Ϫ1 ) in the presence of a constant infusion of insulin (2.5 mU kg Ϫ1 min
Ϫ1
) was nearly twofold higher in PTP-1B Ϫ/Ϫ mice than in the WT controls (443 Ϯ 16.1 mol kg Ϫ1 min Ϫ1 for PTP-1B Ϫ/Ϫ versus 237 Ϯ 9.88 for PTP-1B ϩ/ϩ ; P Ͻ 0.0001). Accordingly, the insulin-stimulated whole-body glucose disposal rate was increased by 80% in PTP-1B Ϫ/Ϫ mice (P Ͻ 0.0001) (Fig. 7A ). This was accompanied by significant increases in whole-body glycolysis (P ϭ 0.01) (Fig. 7B ) and in nonoxidative glucose metabolism (P ϭ 0.0003) (Fig. 7C) .
To identify the tissue(s) responsible for this increase, we quantified glucose uptake into insulin-responsive tissues. Glucose uptake into skeletal muscle was 75% higher in PTP-1B Ϫ/Ϫ mice than in controls (P ϭ 0.006) (Fig. 7D) , and there appeared to be a trend toward enhanced suppression of endogenous glucose production in PTP-1B Ϫ/Ϫ mice (16 Ϯ 4.11 mol g Ϫ1 min Ϫ1 for PTP-1B Ϫ/Ϫ versus 25.11 Ϯ 3.33 for PTP-1B ϩ/ϩ ; P ϭ 0.13). To calculate glucose uptake into fat, we standardized for the number of cells per fat pad (see Materials and Methods). Glucose utilization in white adipose tissue, in contrast to that in skeletal muscle, was not significantly different between PTP-1B Ϫ/Ϫ and WT mice (P ϭ 0.3) (Fig. 7E) . To confirm these findings, we measured insulin-stimulated glucose transport in isolated adipocytes from PTP-1B Ϫ/Ϫ and WT con- Male PTP-1B Ϫ/Ϫ , PTP-1B ϩ/Ϫ , and WT mice were fed a high-fat diet ad libitum for 16 weeks. Body weight (BW) and food intake were measured weekly. Mice were killed at 20 weeks of age, and total carcass fat (triglycerides), fat-free dry mass, and water content were determined. Values in the same column not sharing a superscript letter are significantly different (P Ͻ 0.05). trols (Fig. 8) . Basal glucose transport was lower in PTP-1B Ϫ/Ϫ adipocytes (Fig. 8A ). This likely reflects the fact that PTP-1B Ϫ/Ϫ adipocytes are smaller than those of control mice, since previous work showed that basal transport is proportional to adipocyte size (23) . The maximal glucose transport rates (54.3 Ϯ 0.74 amol min Ϫ1 cell Ϫ1 for PTP-1B Ϫ/Ϫ versus 49.0 Ϯ 5.87 amol min Ϫ1 for PTP-1B ϩ/ϩ ; P ϭ 0.44) were not significantly different in PTP-1B Ϫ/Ϫ and WT adipocytes. Likewise, the 50% effective concentrations for glucose transport were similar (1.10 Ϯ 0.294 nM for PTP-1B Ϫ/Ϫ versus 2.22 Ϯ 1.98 for PTP-1B ϩ/ϩ ; P ϭ 0.62) (Fig. 8B) . Taken together, these results indicate that the enhanced insulin sensitivity in PTP-1B-deficient mice is tissue specific.
DISCUSSION
This work reports the generation and characterization of PTP-1B-deficient (Ex1 Ϫ/Ϫ ) mice. These mice are leaner than WT mice and have dramatically decreased white adipose stores. Moreover, their energy expenditure is increased substantially, and thus they are less metabolically efficient, accounting for their resistance to diet-induced obesity. PTP-1B-deficient mice display enhanced insulin sensitivity in hyperinsulinemic-euglycemic clamp studies, as manifested by significant increases in rates of whole-body glucose disposal, glycolysis, and nonoxidative glucose metabolism. Interestingly, insulin sensitivity in PTP-1B Ϫ/Ϫ mice is elevated specifically in skeletal muscle, not in white adipose tissue. Our work indicates that PTP-1B plays a crucial role in regulating energy balance, the accumulation of body fat stores, and insulin sensitivity in some, but not all, tissues.
Elchebly et al. (28) reported that PTP-1B Ex5/6 Ϫ/Ϫ mice are resistant to body weight gain on a high-fat diet, but the physiological basis for their observations was unclear. Here, we show that the leanness of PTP-1B-deficient mice results from increases in both BMR and the non-BMR-related component of energy expenditure. Removal of PTP-1B results in significant changes in body composition relative to WT mice, as evidenced by a marked reduction in the mass of white fat depots and body lipid content and a smaller reduction in fat free dry mass ( Fig. 3; Tables 1 and 2 ). This reflects a 61% decrease in adipocyte volume (micrograms of lipid per cell), without alteration of fat cell number. Our results identify PTP-1B as an important new regulator of energy expenditure and body composition.
Absence of PTP-1B in mice results in increased insulin sensitivity in skeletal muscle, leading to enhanced glucose tolerance and an 80% increase in insulin-stimulated whole-body glucose disposal. The enhanced insulin sensitivity in skeletal muscle of PTP-1B Ex1
Ϫ/Ϫ mice correlates with abnormal (hyper-and/or sustained) tyrosyl phosphorylation of IR/IRS-1 in this tissue (28) and thus with previous suggestions that PTP-1B is a physiologically relevant IR phosphatase (see the introduction). The reason why PTP-1B apparently is a less important regulator of insulin-stimulated glucose uptake in adipose tissue is unclear. Conceivably, other PTPs play a more important role in adipose tissue. Alternatively, IR trafficking in adipocytes could differ from that in skeletal muscle. PTP-1B is located on intracellular membranes, and thus its ability to access tyrosyl phosphorylated IRs may vary between cell types.
There are some differences between our findings and those published previously (28) . First, we observed a significantly lower body weight for both PTP-1B Ex1 Ϫ/Ϫ and heterozygotic Ex1 ϩ/Ϫ mice (compared to WT mice) on a chow diet, whereas Elchebly et al. (28) reported no significant difference in weight gain between WT, heterozygotic, and homozygotic chow-fed mice. The most likely explanation for this discrepancy is that their chow diet contained nearly half as much fat as ours (M. L. Tremblay, personal communication). Second, in our study, chow-fed female PTP-1B Ex1 Ϫ/Ϫ mice were less susceptible than male mice to the effects of PTP-1B deficiency. In contrast, Elchebly et al. (28) did not report any gender-specific differences. These findings might also be attributed to the different on January 27, 2018 by guest http://mcb.asm.org/ chow diets or to differences in genetic background, since our mice were analyzed on the C57BL6/J ϫ 129/SvJ background whereas mice in their study were C57BL6/J ϫ BALB/c. Interestingly, on a chow diet, body weights ( Fig. 2 ) and serum insulin levels (fasted and fed) ( Table 3 ) of our heterozygotic PTP-1B Ex1 ϩ/Ϫ animals were similar to those of Ex1 Ϫ/Ϫ mice, whereas on the high-fat diet, Ex1 ϩ/Ϫ mouse weights and serum insulin levels were more similar to those of WT controls. This suggests that on the high-fat, but not chow, diet, one copy of the PTP-1B gene is sufficient to mediate its effects on energy expenditure and insulin action. Conceivably, PTP-1B expression might be regulated by diet. Indeed, we have found recently that the expression of PTP-1B mRNA is increased significantly in skeletal muscle (ϩ70%, P ϭ 0.016), but not in white adipose tissue (ϩ1%, P ϭ 0.99), of mice fed a high-fat diet (O. Boss and L. D. Klaman, unpublished data). These results may explain, at least in part, the influence of the chow and high-fat diets on the body weight and insulin sensitivity of the heterozygotic Ex1 ϩ/Ϫ mice. The most interesting and important question raised by this study concerns the relationship between the enhanced insulin sensitivity and the increased energy expenditure in the PTP-1B-deficient mice. There are three general classes of explanation. First, since insulin sensitivity is usually increased in lean individuals (25) , the increased energy expenditure in PTP-1B-deficient mice might result in decreased adipose stores, which in turn would lead to enhanced insulin sensitivity. In this model, the primary role of PTP-1B would be to control a pathway(s) that regulates energy expenditure, with any effect on insulin signaling being secondary. We do not favor this explanation for two reasons. Although PTP-1B Ex1 Ϫ/Ϫ mice are both insulin sensitive and lean under all conditions tested, Elchebly et al. (28) reported significantly enhanced insulin sensitivity in PTP-1B Ex5/6 Ϫ/Ϫ and Ex5/6 ϩ/Ϫ mice under conditions (their chow diet) in which they detected no alteration in body weight. Moreover, several studies suggest that PTP-1B directly dephosphorylates the IR (see the introduction) and the IR is hyperphosphorylated in PTP-1B-deficient mice (28) .
A second possibility is that the increased insulin sensitivity in the skeletal muscle of PTP-1B Ϫ/Ϫ mice leads to a higher metabolic rate, resulting in decreased white adipose mass in these mice. Precisely how increased insulin sensitivity might lead to decreased metabolic efficiency in PTP-1B Ϫ/Ϫ mice remains to be determined, but increased mitochondrial proton leaks through UCPs or other mechanisms and/or increased activity of futile cycles could mediate this enhanced energy dissipation (50) . Notably, our data show similar mRNA expression of UCPs in skeletal muscle of WT and PTP-1B Ϫ/Ϫ mice (Fig. 5 ). This suggests that skeletal muscle UCPs are unlikely mediators of the increased metabolic rate in PTP-1B Ϫ/Ϫ mice. However, we cannot exclude the possibility that UCP activity might somehow be increased. Insulin may also influence metabolic rate by acting on the central nervous system. For example, insulin stimulation of hypothalamic neurons increases sympathetic stimulation of BAT, leading to an increase in energy expenditure (57, 66) . The major mechanism by which this occurs in rodents is by increasing brown fat mass and UCP expression (64) . UCP mRNA levels in BAT of PTP-1B Ϫ/Ϫ mice were similar overall to those of WT mice. There was a small increase in UCP3 mRNA expression in BAT (Fig. 5) ; the physiological significance of this increase is questionable. Moreover, there was no increase in BAT mass in PTP-1B Ϫ/Ϫ animals, suggesting that PTP-1B is unlikely to regulate the sympathetic activity in BAT. In addition, insulin action in the central nervous system results in decreased food intake (55), contrasting with the slightly increased food intake that we observe in our PTP-1B Ex1 Ϫ/Ϫ mice. Finally, the increased energy expenditure and increased insulin sensitivity could reflect regulation of distinct signaling pathways by PTP-1B. In this model, the increased insulin sensitivity observed in the absence of PTP-1B would result from failure to appropriately dephosphorylate the IR (and possi- and WT mice. Whole-body glucose disposal rate (A), whole-body glycolysis rate (B), whole-body nonoxidative glucose metabolic rate (C) glucose uptake in skeletal muscle (gastocnemius) (D), and glucose uptake in white adipose tissue (WAT; epididymal fat pad; E) were determined for fasted, 16-week-old male mice. Results are the mean Ϯ SEM for five animals per genotype ‫,ء(‬ P Ͻ 0.05).
FIG. 8. Insulin dose-response curves for glucose transport into isolated adipocytes from WT and PTP-1B
Ϫ/Ϫ mice. Adipocytes were isolated and incubated with various concentrations of insulin as described in Materials and Methods. Expression of data as percentage of maximal transport (B) corrects for differences in basal rates of transport. Values for both panels are means Ϯ SEM for four WT and four PTP-1B Ϫ/Ϫ male mice that were 12 weeks of age. 
